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ABSTRACT 
The purpose of this investigation was to determine ·~the 
optimum conditions for the formation of very low oxygen. c. on tent 
yttrium fluoride. 
Various methods of preparing a very low oxygen content 
yttrium fluoride are presented. Since the chemical properties 
of yttrium are quite similar to those of the rare earths, 
yttrium was used in these studies w~th the object in mind that 
the processing conditions would probably be applicable to the 
rare earths. 
Yttrium fluoride ·was formed by .hydrofluorinating various 
yttrium compounds with gaseous anhydrous ·hydrofluoric acid. 
The compounds used for these hydrofluorinations were yttrium 
oxide, hydrated yttrium fluoride, yttrium oxalate, yttrium 
chloride, yttrium nitrate, yttrium sulfate, and yttrium sulfide. 
The effects of time and temperature, oxalate ignition temperature, 
particle size, and hydrofluoric acid purity on the conversion 
of yttrium compounds to yttrium fluoride were also studied. 
The yttrium fluoride purification methods studied were 
molten fluoride hydrofluorination, vacuum distillation and 
inert gas sparging, all of which were carried out above the 
melting point of yttrium fluoride. 
----------------~------------------------------------- ------
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The processing methods which were found to give a low 
oxygen intensity ratio yttrium fluoride are as follows: 
(1) Yttrium fluoride with an average oxygen intensity 
ratio of 0.33 was prepared by drying the hydrate at 600°C in 
a stream of anhydrous HF. The desirability of this method for 
large scale production is limited, however, due to the handling 
problems involved in the preparation of the hydrate. 
(2) Yttrium fluorides with oxygen intensity ratios of 
0.21 to 0.30 were prepared by hydrofluorinating yttrium oxide 
in a platinum boat for eight hours at a minimum temperature of 
600°C using General Chemical Company anhydrous hydrofluoric 
acid. This would probably be the best method to scale up for 
the preparation of larger quantities. 
(3) Small quantities of yttrium fluoride with oxygen 
intensity ratios of 0.18 to 0.33 were produced by melting 
yttrium fluoride and topping with anhydrous HF for 1.5 hours 
at 1200°C. The fluoride before topping had an oxygen intensity 
ratio of 0.38 or less. 
(4) Small amounts of yttrium fluoride having oxygen 
intensity ratios of 0.23 to 0.32 were prepared by vacuum 
distilling yttrium fluoride with an oxygen intensity ratio of 
approximately 0. 64 a t about 1300°C. This method of purification 
is limited to small quantities due to the high temperature 
required and the slow distillation rate. 
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INTRODUCTION 
Yttrium is element number 39 in the periodic chart and has 
an atomic weight of 88.92. It is a trivalent metallic element 
with chemical properties closely resembling those of the rare 
earth elements. Though not one of the rare earths, it is 
usually found in nature as one of the more abundant elements 
in some rare earth ores. The most important of these ores 
are gadolinite and xenotime. Large deposits of these minerals 
are found in the Scandinavian countries. Texas is also believed 
to have substantial deposits of gadolinite and associated 
yttria minerals; however, much of these ores are covered by 
Lake Buchanan. Lesser quantities are found in Canada, India, 
Ceylon, Arizona, New Mexico, Colorado and Virginia (1). 
Yttrium, like many metals, including the rare earths, can 
be prepared by reducing the fluoride with calcium. Yttrium metal 
has a very strong affinity for oxygen and, therefore, oxygen 
has been one of the major impurities. Oxygen has a detrimental 
effect on the physical properties of yttrium and many other 
metals. For this reason, an oxygen-free yttrium fluoride is 
very desirable if a very low oxygen content or oxygen-free 
yttrium metal is to be obtained. 
The experimental work presented in this report was 
exclusively for the purpose of preparing a very low oxygen 
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content yttrium fluoride. The following general areas have 
been investigated: 
(1) The preparation of yttrium fluoride at low temperatures 
by precipitation from an acid solution. 
(2) The preparation of yttrium fluoride at intermediate 
temperatures of 200°C to 800°C by passing anhydrous hydrofluoric 
acida gas over various compounds of yttrium. 
(3) The preparation of very low oxygen content yttrium 
fluoride by contacting yttrium fluoride containing small traces 
of yttrium oxide and other oxygen-containing compounds with 
AHF at temperatures above the melting point of the fluoride. 
(4) The preparation of very low oxygen content yttrium 
fluoride by vacuum distillation. 
Investigations in the first two of these areas were, in part, 
duplications of earlier work in the same area by Carlson, Schmidt 
and Spedding (2). 
The oxygen content of the yttrium fluorides produced by the 
various processing methods will be evaluated entirely by means of 
a--Anhydrous hydrofluoric acid will hereafter be referred to as 
AHF. This acid was supplied by the General Chemical Division 
of Allied Chemical and Dye Corp. with the following analysis: 
AHF (dry basis) 99.92% min.; maximum impurities of 0.01% fluorsilic 
acid, 0.01% sulfur dioxide, 0.04% water, 0.01% sulfuric acid, 0.04% 
non-volatile acidity. Actual AHF analysis 99.95 to 99.97%. 
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oxygen intensity ratio analysesa (OIR) and the oxygen content 
of the metals after reduction of the fluoride to yttrium metal. 
In this work, an OIR of 0.33 or less has been considered to be 
a low oxygen content yttrium fluoride. Several samples of 
yttrium fluorides having different OIR values were reduced 
to yttrium metal in order to determine the effect of the OIR 
of yttrium fluoride on the oxygen content of the resulting 
metal. An yttrium fluoride with an OIR of 0.33, when reduced 
with calcium, resulted in a relatively low oxygen content 
yttrium metal containing approximately 1900 ppm oxygen. 
Therefore, preparation methods which have given yttrium fluoride 
with an OIR of approximately 0.33 or less were the ones most 
thoroughly investigated. 
EXPERI MENTAL PREPARATION OF LOW OXYGEN CONTENT YTTRIUM FLUORIDE 
Wet Process Methodb 
Yttrium fluoride was prepared by dissolving yttrium oxidec 
in concentrated nitric or hydrochloric acid, diluting with wate~ 
a--Oxygen intensity ratio will hereafter be referred to as OIR. 
Refer to Appendix A for a discussion of this analytical method. 
b--Wet process method refers to the preparation of yttrium fluoride 
by precipitation from an acid solution using aqueous hydrofluoric 
acid (2). 
c--The following rare earth analysis was reported for the oxide used 
in these runs and all following runs involving yttrium oxide: yttrium 
oxide, 99 . 9% min.; erbium, 0.02% max.; holmium, 0.02% max.; terbium, 
0.05% max .; samarium, 0.1% max.; thorium, 0.1% max.; dysprosium, 
approx. 0.01%; gadolinium, approx. 0.04%. 
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heating to 95°C and precipitating with a r ive percent excess of 
48 percent hydrofluoric acid. The reaction between the oxide 
and acid is exothermic. The oxide was added slowly to the acid 
at such a rate that the heat liberated was sufficient for the 
reaction to proceed gently. Slight .heating was required to 
start the reaction since the initial rate of reaction was slow. 
No difference was noted in the fluoride precipitates obtained 
using nitrate and chloride solutions. A nitrate solution was 
used to prepare the yttrium fluoride used in these experiments. 
The yttrium nitrate solution was held at 95° C to 100°C to 
obtain a desirable precipitate. At lower temperatures a 
gelatinous precipitate was formed making removal of the occluded 
water quite difficult . The fluoride precipitate was centrifuged, 
washed with water several times, and air-dried to a dry-appearing 
product, presumably YF3 ·1/2H20. 
An attempt was made to remove the wa t er of hydrati on from 
the fluoride by distilla tion using low densit y solvents such as 
benzene, toluene and n-but yl ether in a Dean-Stark apparatus. 
The solvent was subsequent l y removed from the fluoride by vacuum 
drying. It was found that from 13 to $0 percent of the theoretical 
amount of water present was removed by distillation. The 
inconsistency of t he results was attributed to variations in the 
water content of the hydrated fluoride used. A study of the effects 
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of humidity on the hydrated fluoride was conducted and found 
to have a considerable influence on the amount of water present. 
Also, gelatinous precipitates probably retain varying amounts 
of adsorbed surface moisture. 
The fluoride samples mentioned above were then analyzed 
spectrographically and found to contain large amounts of 
oxygen; so the OIR values were not determined. Thus, it was 
concluded that distillation of water from hydrated yttrium 
fluoride was unsatisfactory as a method for producing low oxygen 
content yttrium fluoride. 
a Very Low Temperature Dry Process l\1ethod 
Some preliminary experiments were made using liquid 
anhydrous hydrofluoric acid to convert yttrium sulfate and 
yttrium nitrate to the fluoride and also for topping low 
oxygen intensity ratio yttrium fluoride. The oxygen intensity 
ratios of the product fluorides were quite high in all cases; and 
therefore, the use of liquid anhydrous hydrofluoric acid in the 
' ' ' 
_preparation of a very low oxygen content yttrium fluoride did 
. not appear promising. 
b Low Temperature Dry Process l\1ethod 
Equipment 
The apparatus for passing AHF over various yttrium compounds 
a--Refers to methods using liquid AHF. 
b--Refers to procedures whereby gaseous AHF is passed over compounds 
of yttrium. 
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to form pure yttrium fluoride is shown schematically in Figure 1. 
This consisted essentially of a two-inch inconel reaction pipe 
containing the sample, a saran piping system leading to and from 
the inconel pipe, and an HF absorber to dissolve the excess 
hydrofluoric acid. The sample was heated by a hinged-type tube 
combustion furnace and the temperature was measured with a 
chromel-alumel thermocouple. The AHF flow rate was controlled 
by the cylinder valve and a Kel-F-filled polyethylene manometer 
connected across a monel orifice plate. The AHF, after passing 
over the sample, was dissolved in a stream of cold wa t er and 
then sent down a drain. 
Variables studied 
Starting material 
yttrium oxide 
A common lot of yttrium oxide was used as the starting 
material for all investigations involving time and temperature, 
oxalate ignition temperature, particle size and AHF purity. 
The results presented in these sections of the report were 
used to evaluate the effects of using yttrium oxide as a 
starting material. The ease with which yttrium oxide was 
converted to the fluoride on a large scale made this a very 
desirable starting material; however, it did not consistently 
result in a low OIR product. 
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Figure 1. Schematic Diagram of Apparatus Used in Hydrofluorination 
of Various Yttrium Compounds be-twe-en 200°C and 800°C. 
-...J 
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yttrium fluoride hydrate 
The hydrated yttrium fluoride was prepared by the "wet 
process method" described previously. A charge of this fluoride 
was hydrofluorinated· for 18 hours at 600°C. The run was 
divided into six-hour periods with cooling, mixing, and sampling 
at the end 9f each period. The charge was heated to and cooled 
from the hydrofluorination temperature in an atmosphere of 
a 
oxygen-free helium . The OIR values for the samples are given 
in Table 1. It appears that hydrofluorination of YF3 ·1/2H20 
Table 1 
Oxygen Intensity Ratios for Yttrium Fluoride Produced by 
Hydrofluorination of Yttrium Fluoride Hydrate 
Hydrofluorination Time oxygen Intensity Ratios 
(hours) Run I Run II 
6 0.33 0.33 
12 0.34 
18 0.31 0.32 
results in a satisfactory ·yttrium fluoride product;, however, due to the 
;3--Hel:ium was supplied by the U. S. Bureau of Mines with the 
following specifications: Grade A, 99.99+ _percent, no knqwn 
impurities. 
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handling problems involved in the preparation of the hydrate, 
the method doesn't lend itself very well to large scale 
production. 
yttrium oxalate 
Yttrium oxalate is generally ignited to the oxide at an 
elevated temperature and the oxide subsequently hydrofluorinated 
to prepare the fluoride. The high oxalate ignition temperature 
might result in a hard sintered oxide particle which would make 
complete penetration by the AHF quite difficult. D~rect hydro-
fluorination of the oxalate should, therefore, reduce the "sintering '' 
effect. To investigate this possibility, yttrium oxalate was 
prepared by dissolving yttrium oxide in nitric acid, precipitating 
with oxaltc acid, and filtering. Sampl~s of the moist oxalate 
were then hydrofluorinated for eight-hour periods at 500, 600, 
700 and 800°C. Helium was passed over the fluoride whi le cooling 
to prevent any reverse reaction to the oxide. The yttrium 
fluoride products were quite grey -colored . This discoloration 
was possibly due to the presence of a fluoride formed by reaction 
between the water in the oxalate, AHF and· inconel reaction 
pipe, and sample boat. An attempt was made to remove the excess 
moisture by drying the oxalate at ll5 °C for several hours, thus 
preventing the forma tion of a concentrated HF solution. Dried 
samples were then hydrofluorinated at 600 and 700°C, but the 
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products were still very grey. The OlR values for samples from 
• 
these runs are given in Table 2. The OIR values reported in 
Table 2 
Oxygen Intensity Ratios for Yttrium Fluoride Produced by 
Hydrofluorination of Yttrium Oxalate 
Hydrofluorination Temp. (oc) 
500 
600 
700 
800 
Oxygen Intensity Ratios 
Moist Oxalate Dried Oxalate 
0.58 
0.59 
0.50 
0.39 
1.07 
0.52 
Tab-le 2 indicate a high oxygen content for a 11 samples; also, 
the products were discolored. The preparation of pure 
yttrium fluoride from the oxalate~ therefore, appear~ to 
be unsatisfactory. 
yttrium chloride and yttrium nitrate 
Yttrium chloride and yttrium nitrate crystals were prepared 
by dissolving yttrium oxide in hydrochloric and nitric acids, 
respectively)and evaporating the solutions to near dryness. These 
moist crystals were then treated with AHF for four-~our periods 
at 600°C. Except for moisture, the starting chloride sample should 
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have been free of oxygen, while this would not be tru~ for the nitrate. 
The results of these two runs indicated that the chloride was more 
easily converted to a low OIR fluoride than the nitrate. The OIR 
reported for the first chloride run was quite low; therefore, two 
additional runs using longer conversion times were made. The OIR 
values ~dr these additional runs were much higher than expected. It 
was concluded that hydrofluorination of the chloride or nitrate was 
an unsatisfactory method for obtaining pqre yttrium fluoride. The 
results of these runs are shown in Table 3. 
yttrium sulfate 
The sulfate was formed by dissolving yttrium oxide in sulfuric 
acid, evaporating to near dryness and drying the crystals at 800°C. 
These crystals were then hydrofluorinated for six hours at 600°C. A 
high OIR was reported for this sample, indicating that pure yttrium 
fluoride would not be easily obtained by hydrofluorination of the 
sulfate. These results are included in Table 3. .It is also possible 
that the yttrium fluoride would contain sulfur as well as oxygen. 
Since sulfur tends to cause hardness and brittl~ness in many metals, 
it might also be objectionable in yttrium. Due to tne high OIR, 
along with the possible sulfur contamination, this method was 
considered to be unsatisfactory for the preparation of low oxygen 
content, high purity yttrium fluoride. 
yttrium sulfide 
An attempt was made to form yttrium sulfide by passing 
hydrogen sulfide gas over yttrium oxide samples at temperatures 
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of 140oC and 280°C for two-hour periods. The samples, 
presumably sulfides, were then hydrofluorinated for six hours 
at 6oooc. The OIR values are shown in Table 3. As expected, 
these results were considerably better than those from the 
sulfate run since the oxygen content of the original yttrium 
sulfide should have been low. Again, however, the products 
might contain significant amounts of sulfur and possibly 
make the method unsatisfactory for the production of low 
oxygen content yttrium fluoride. The products were not 
analyzed for sulfur. 
Table 3 
Oxygen Intensity Ratios for Yttrium Fluoride Produced by 
Hydrofluorinating Yttrium Chloride, Nitrate, Sulfate and Sulfide 
Starting Material Conv. Oxygen Intensity Ratios 
Time 1st 2nd 3rd Average 
( hrs.) Ana lysis Ana lysis Ana lysis 
Yttrium dhloride, run 1 .4 0.30 0.41 0.33 0.35 
run 2 6 0.58 0. !~2 0.38 0.46 
run 3 8 0.46 0.33 0.47 0.42 
Yttrium nitrate 4 0.57 0.46 0.40 0.48 
Yttrium sulfate 6 0.50 0.44 0.33 0.42 
*Yttrium sulfide, run 1 6 0.30 0.37 0.24 0.30 
run 2 6 0.37 0.54 0.49 0.47 
* The sulfide for -runs 1 and 2 was formed at 140°C and 280°C, 
respectively. 
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Time and temperature 
The completeness of conversion of yttrium oxide to 
yttrium fluoride is probably dependent primarily on the 
temperature of the bed and the time allowed for contact with 
the AHF. To more closely establish the optimum ~onditions for 
the reaction, a rather extensive study was made of these two 
variables. Fifteen-gram samples were taken from a common lot 
of yttrium oxide and hydrofluorinated at temperatures ranging 
from 200°C to 800°C and for lengths of time varying from 4 to 
16 hours. The OIR analyses for samples of yttrium fluoride 
from the various runs are given in Table 4. Plots of OIR 
Table 4 
Oxygen Intensity Ratios of Yttrium Fluoride Produced 
by Hydrofluorinating Yttrium Oxide at Various 
Temperatures for Various Lengths of Time 
Conversion Temp. Oxygen Intensity Ratios (oC) 
Conversion Time 2 (hours2 
4 8 12 16 
200 1.17 1.05 0.77 0.77 
400 0.66 1.00 0.68 0.76 
600 0.66 0.41 0.49 0.43 
800 0.53 0.53 0.48 0.46 
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versus time and temperature were rather inconclusive. 
However, indications _were that at least eight hours and a 
minimum temperature of 600°C are necessary to obtain a low 
OIR yttrium fluoride. Greater lengths of time and higher 
temperatures indicated little or no change in the OIR of the 
product. 
It was theorized that perhaps the heat generated in the 
reaction between yttrium oxide and anhydrous hydrofluoric acid 
could be partially absorbed by blending the oxide with anhydrous 
yttrium fluor}de. If successful this would result in a lower 
bed temperature which, with the presence of water formed in 
the reaction, would be less conducive to the formation of 
yttrium oxyfluoride. Also, it is possible that high bed 
temperatures might cause sintering of the yttrium fluoride. 
This would result in a reduced diffusion rate of the anhydrous 
hydrofluoric acid into the remaining oxide core, thereby 
decreasing the rate of conversion of the oxide to the fluoride. 
Four experimental runs using a 2:1 weight ratio of yttrium 
oxide to yttrium fluoride were made at 600°C. The oxygen 
intensity ratios for samples taken from these runs are shown in 
Table 5. In runs 1 and 2 the charge was cooled, removed from 
the furnace, sampled and mixed after successive hydrofluorination 
periods. In runs 3 and 4 the charge was not cooled or mixed 
until the end of the run. 
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Table 5 
Oxygen Intensity Ratios for Yttrium Fluorides Resulting from 
Successive Hydrofluorinations of a 2:1 Weight Ratio of 
Yttrium Oxide to Yttrium Fluoride at 600°C 
Run No. Sample No. Hydrofluorination Time (hrs) Oxygen Intensity Ratio 
At o<J<:r' c Total 
1 A 2 4 0.38 
B 4 7-3/4 0.35 
c 6 11-3/4 0.32 
2 A 2 3 0.50 
B 4 6 0.40 
c 6 8-3/4 0.43 
D 10 13-1/4 0.37 
E 14 18-1/2 0.37 
F 20 25-1/2 0.28 
G 28 33-1/2 0.23 
3 10 10-1/2 0.38 
4 4 5 0.42 
From the results shown in Tables 4 and 5 it appears that the 
conversion of yttrium oxide to the fluoride i s more rapid when 
the starting material is an oxide-fluoride blend than when it is 
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oxide alone. On the basis of the oxygen intensity ratio analyses, 
hydrofluorination of the oxide-fluoride blend also results in a 
slightly lower oxygen content fluoride than hydrofluorination of 
the oxide. 
Oxalate ignition temperature 
The ignition temperature of the oxalate to form the oxide 
was studied to determine its effects on the subsequent formation 
of the fluoride. To evaluate this effect, a quantity of oxide 
was dissolved in nitric acid, precipitated as the oxalate, filtered, 
and ignited at temperatures ranging from 600°C to 1000°C. The 
oxide samples were then hydrofluorinated at 600°C. The charge 
was raised to this temperature over a period of one hour and 
then hydrofluorinated for seven hours. The yttrium fluoride 
products were cooled in an atmosphere of oxygen-free helium to 
prevent the formation of oxide. The OIR values are given in Table 6. 
Table 6 
Oxygen Intensity Ratios of Yttrium Fluoride Resulting from the 
Hydrofluorination of Yttrium Oxide Prepared by Ignition of 
Yttrium Oxalate at Different Temperatures 
Oxalate Ifnition Oxygen Intensity Ratios 
Temp. o C) 1st 2nd .. 3rd Average 
ana lysis ana lysis ana lysis 
600 0.40 0.41 0.46 0.42 
700 0.40 0.74 0.33 0.49 
800 0.27 0.34 0.46 0.36 
900 0 . 40 0.38 0.55 0.44 
1000 0.49 0.33 0.32 0.38 
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The first analysis of these fluoride samples showed 
800°C to be the optimum oxalate ignition temperature. However, 
second and third analyses of the same samples did not verify 
these results. As shown in the table, the values were quite 
erratic and, therefore, no definite oxalate ignition temperature 
was established. 
Particle size 
yttrium oxide 
The purpose of this investigation was to determine the 
effects, if any, of oxide particle size on the rate of 
I 
conversion to the fluoride. Incomple~e penetration into the 
I larger particles by the AHF would accpunt for the oxygen 
present in the products. To investigate this possibility, a 
30-gram sample of very fine yttrium oxide (minus 400 mesh) was 
divided into three nearly equal parts by elutriation with air. 
The time required to separate the fine and intermediate 
fractions from the coarse fraction was about eight hours in 
each case. Each sample was then hydrofluorinated for six hours 
at 600'°C. The OIR values are shown in Table 7. Particle size 
seems to definitely influence "the conversion; however, the 
problem of classifying yttrium oxide by elutriating or 
reducing the particle size might be very difficult on a large scale. 
18 
Table 7 
Oxygen Intensity Ratios for Yttrium Fluoride Prepared by Hydro-
fluorinating Different Size Oxide Particles at 600°C for 8 Hours 
Sample 
Fine 
Coarse 
Oxygen Intensity Ratio 
Run I Run II 
0.24 
0.64 
yttrium fluoride 
0.29 
0.35 
A sample of yttrium fluoride with an OIR of 0.36 was sized 
in a manner similar to that used for the oxide. In this case, 
nitrogena was used as a classifying medium to avoid oxygen 
contamination. The fine and coarse fractions obtained were 
estimated to be minus 180 mesh and plus 60 mesh, respectively. 
These fractions were then topped with AHF at 600°C for eight 
hours. The OIR values were determined for each fraction 
before and after topping with AHF and the results are shown 
in Table 8. Again, a difference is indicated in the OIR of 
the fine and coarse particles. This difference is only slight, 
however, and from an economic standpoint, would probably not 
be desirable for large scale production. 
a--Nitrogen was supplied by the Puritan Compressed Gas Company 
with the following analysis; Nitrogen, 99.5%; maximum impurities 
of 0.001% oxygen and 0.001% hydrogen. 
19 
Table 8 
Oxygen Intensity Ratios for Yttrium Fluoride Produced 
by Rehydrofluorinating Different Size Yttrium 
Fluoride Particles at 600°C for 8 Hours 
Sample 
Fine 
Coarse 
AHF purity 
Oxygen Intensity Ratios 
Before rehydro- After rehydro-
fluorinating fluorinating 
0.37 
0.44 
0.32 
0.40 
The small amounts of oxygen present in the fluoride products 
may be due to very small quantities of water or oxygen-containing 
compounds in the AHF. The methods that were investigated to 
determine the AHF purity and its effect on the OIR of the 
product fluoride were as follows: 
(1) The possibility of purifying the AHF by passing it 
over heated metal turnings was considered. An investigation 
was made of the thermodynamics of various reactive metals to 
find one that might form the oxide more readily than the fluoride. 
Free energy changes were calculated at different temperatures 
but none appeared very favorable. Possible desigcants, other 
than reactive metals, were also investigated, but tn each case 
a reaction with the acid was indicated. 
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(2) A second possibility for variation in the purity of 
AHF might be due to differences in the vapor pressure of AHF 
and water. It was reported by R. M. Lewis (3) that the AHF 
vapor leaving a cylinder was of higher purity, with respect to 
water, than the liquid AHF remaining in the cylinder. The 
composition of the liquid would, of course, continually change 
so that as the cylinder becomes nearly empty, the remaining 
liquid should contain a comparatively high percentage of water. 
Consequently, identical runs were made using a full cylinder 
of acid and one that was nearly empty. Each hydrofluorination 
was at 600°C for 18 hours. Samples were taken for analysis 
after each six hours. The OIR analyses are given in Table 9. 
Table 9 
Oxygen Intensity Ratios for Yttrium Fluoride Produced by Hydro-
fluorinating Yttrium Oxide with Anhydrous Hydrofluoric 
Acid from a Nearly Empty and a Full Cylinder 
Conversion Time Oxygen Intensity Ratios 
(hrs) Nearly Empty Cylinder Fu11 Cylinder 
6 0.45 0.34 
12 0.50 0.34 
18 0.37 0.34 
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The OIR values indicate that the effect of using the higher 
purity AHF from the top of the cylinder is very noticeable 
for short runs. A much shorter time is required to accomplish 
the same result. 
(3) A small cylinder of AHF, made by electrolysis of 
mol ten KF · 6HF at r.annesota f'.1ining and Manufacturing Compa nya 
and believed to be very pure, was also used to de~ermine t~e 
importance of acid purity in the conversion of yttrium oxide to 
yttrium fluoride. 
Considerable difficulty was encountered in· vaporizing the AHF 
from the small cylinder. At room temperature the acid sho~ld vapor-
ize of its own accord; however, it was necessary to heat the cylinder 
in a water bath at 60°C to maintain a constant flow. lt is believed 
that cooling caused by vaporization reduced the rate of flow of AHF. 
Another explanation for this difficulty is that the contents may not 
have been "very pure" AHF. 
To compare this MMM AHF with the regular General Chemical 
Company AHF, two runs each were made with MMM acid and the 
regular acid. Approximately 15 gram samples of yttrium oxide 
were placed in a platinum boat and inserted into an inconel 
pipe for reaction with AHF. The pipe above the sample was 
a--The very pure AHF from the Minnesota Mining and Manufacturing 
Co. will hereafter be referred to as MMM . 
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lined with platinum foil. Each sample was hydrofluorinated 
for eight hours, the first three hours being used to slowly 
raise the temperature to the final hydrofluorination temperature 
of 800°C. OIR values are reported in Table 10. The higher OIR 
Table 10 
Oxygen Intensity Ratios for Yttrium Fluoride Produced by Hydro-
fluorinating Yttrium Oxide at 800°C in a Platinum Boat 
with Anhydrous Hydrofluoric Acid from General 
Chemical Company and Minnesota Mining and 
Manufacturing Company 
Acid Used Oxygen :Intensity Ratios 
1st analysis 2nd analysis Average 
General Chemical Co. 
General Chemical Co. 
Minn. Mining & Mfg. Co. 
Minn. Mining & Mfg. Co~ 
0.21 
0.24 
0.32 
0.33 
0.25 
0.30 
0.38 
0.42 
0.23 
0.27 
0.35 
0.38 
for samples hydrofluorinated with the MMM acid was contrary 
to expectations. This phenomenon~plus the fact that external 
heating was necessary to obtain a constant flow of AHF from 
the cylinder, lea. to the be lief that the purl ty of the MMM AHF 
was much lower than expected. To determine the purit~ the acid 
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was condensed in a sealed polyethylene bottle. The cooled 
liquid AHF was then added to an accurately weighed amount of 
water, the solution reweighed to determine the amount of acid 
added, and the resulting aqueous HF solution titrated with 
a standard sodium hydroxide solution. The same procedure was 
repeated using regular AHF, and the purities of both acids 
were calculated. The results of these experiments are shown 
in Table 11. Analyses of the two different hydrofluoric 
Table 11 
Comparison of Anhydrous Hydrofluoric Acid Purities 
Acid Used 
Minn . Mining & Mfg. Co. 
General Chemical Co. 
Percent Hydrofluoric Acid 
Run:: I Run II Run III Average 
99.08 99.61 
99.42 99.21 
99.80 
99.40 
99.50 
99.34 
acids showed very little difference in purity. Thus, the 
differences in oxygen intensity ratios for product fluorides 
resulting from the use of the different acid~ and the reason 
for the difficulty in obtaining a constant flow of HF from 
the small cylinder at room temperature~ remains unexplained. 
Bed thickness 
An attempt was made to maintain a constant bed depth of 
about one-fourth inch in all runs and thus eliminate this variable. 
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AHF flow rate 
The only means of regulating the AHF flow rate was by the 
use of an inclined manometer connected across an orifice plate. 
The very small difference in liquid levels for reasonably 
high flow rates did not permit an accurate flow rate measurement. 
The flow was held as nearly constant as possible in all 
hydrofluorinations to minimize the effect of this variable. 
Relative humidity 
The effects of different relative humidities on samples 
of hydrated and anhydrous yttrium fluoride were studied by 
placing samples in constant humidities ranging from 3 to 100 
. 
percent. The relative humidities were obtained by using 
various concentrations of sulfuric acid. The samples were 
reweighed after three days. At 100 percent relative humidity, 
the anhydrous fluoride showed essentially no weight increase 
while the hydrated fluoride showed nearly a 10 percent gain. 
High Temperature Dry Process Method 
The high temperature studies presented in this section of 
the report were carried out in an attempt to obtain a small 
amount of very low oxygen content yttrium fluoride. Yttrium 
fluoride was heated to temperatures in excess of the melting 
point and AHF was bubbled through the molten fluoride in an effort 
to obtain more complete contact, thus converting very small traces 
of oxide and oxygen-cont aining compounds to the fluoride. 
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Equipment 
A schematic diagram of the system is shown in Figure 2. The 
equipment consisted essentially of a hydrofluorination _unit 
containing the s~mple, a piping system to and from the 
hydrofluorination unit, and an acid neutralization tank . 
A one inch inconel pipe passing through the furnace was 
used for preheating the AHF. The piping from the AHF cylinder 
to the preheat furnace was one-eighth inch monel. A Kel-F-filled 
polyethylene manometer connected across a monel orifice plate 
was used to regulate the flow of AHF. A rise in the liquid 
level of a second manometer indicated internal pressure changes 
in the system and, thus, the melting point of the fluoride. 
The hydrofluorination unit, shown in detail in Figure 3, 
consisted of a crucible made of seven-mil platinum sheet ; and 
a platinum AHF de livery tube which was sealed in by a combination 
of flanges and plates. Baffles were provided to cool the AHF 
before leaving the platinum crucible. The bottom of the crucible 
was surrounded by an inconel protective liner. Heat for the 
unit was provided by a four-inch-diameter induction coil. The 
AHF was neutralized in a polyethylene container filled with 
wate r and soda ash. 
Varia ble s s t udi ed 
Approxima tely 30 hydrofluorination runs were made in which 
AHF wa s bubbled t hrough molten yttrium fluoride at about 1200°C. 
The me l ting point of the f luoride i s a pproxi ma t e ly ll50°C. 
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It was necessary to limit the amount of yttrium fluoride charge 
to approximately 200 grams,since larger quantities resulted in 
non-uniform heating and obstruction of AHF flow. The AHF flow 
rate was held as nearly constant as possible by means of the 
flow manometer. 
Starting material 
~La The star~i~g material was taken from three different batches 
of fluoride .1 ,' 'Fh:ts ap,peaned ·•to hav,e t,SO!Jl~ Me:ff,ect on the ,~IR h~{. c 1 es 
the ~p:rtod'tiClt;s. " '!!tie nange r o:B Q:OR 1r1esul;t;;s a Fe ( ~hown .. in;1Ta~~~ f . 
All runs wene matie at na.aoe?c Ft results are shmm .in '1\.:b~~ 1:. 
\11 runs iJere made <.~t ~200°C 
Table 12 
Range of Oxygen Intensity RatiOS( f0r Yttrium Fluoride Produced 
'1 by Contacting, Various O~yge.o Content Yttrimm liJ.Sr ftcd§§ uved 
n'7 C at 1200°C with Anhydrous Hydrofluqric·,Acid ·,~es 
Batch of 
Fluorid-e 
No. of 
Runs 
Oxygen Intensity Ratios 
Before After 
Hydrofluorination Hydro:('lusrination 
0.38 
10n 
A 10 0.64 0.29 to 
~--
------
----
B 7 0.38 0.20 to 0.28 
c 8 0.32 0.18 to 0.'3'3 
0 ( • 
Yttrium oxide samples were also contacted with AHF. The 
melting point of the oxide, 24l0°C 1 is considerably higher than 
"").:) I 0 " l "\ ()X. J r• l '3 ~ h"f::,hE'r' tha""1 
' 
.. 
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that of the fluoride and could not be reached without modifications 
in the materials of construction used in this unit. Therefore, 
it was necessary to convert most of the oxide to the fluoride 
before any bubbling action could take place. Apparently 
sufficient time was not allowed at a lower temperature to 
convert the oxid~ since the sample could not be melted . Analysis 
of the products gave high OIR values, indicating that conversion 
of the oxide to the fluoride was incomplete. OIR values for 
the two runs are reported in Table 13. These OIR values indicate 
Table 13 
Oxygen Intensity Rat ios for Yttrium Fluoride Produced by 
Hydrofluorinating Yttrium Oxide at 1200°C 
Conversion Time 
(hours) 
0.33 
1.50 
Oxygen Intensity Ratios 
1.40 
3.15 
Note: These are average values for thr ee samples analyzed 
from each run. 
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that the conversion of yttrium oxide to the fluoride is very 
slow at high temperatures. 
Time and temperature 
Yttrium fluoride was melted and contacted with AHF at 
1200°C for periods ranging from fifteen minutes to five hours. 
OIR values indicated that contact times of more than 1.5 hours 
had no effect on conversion. 
Runs made at 1100°C, slightly below the melting point 
of the fluoride (approximately 1150°C), and at 1250°C, the 
highest possible operating temperature for the equipment, 
resulted in products with OIR values slightly higher t han 
those for runs at 1200°C. The OIR values for these runs are 
given in Table 14. All following runs were, therefore, made 
Table 14 
Effects of Temperature on the Oxygen Intensity Ratios of Yttrium 
Fluoride Produced by Rehydrofluorination at High Temperatures 
Rehydrofluorination 
Temperature (°C) 
1100 
1200 
1250 
Oxygen Intensity Ratios 
Before After 
Rehydrofluorination Rehydrofluorination 
0.38 
0.38 
0.38 
0.35 
0.27 
0.43 
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Use of argon in place of AHF 
Two runs were made using argona (no AHF was passed over 
the samples) to determine the effects of a sparging action on 
the purification of yttrium fluoride. The runs were made at 
1200°C for one hour in an attempt to volatilize the oxygen-
containing impurities and sweep them out of the crucible by 
means of a stream of argon. As a preliminary measure 
against contaminating the samples with oxygen or oxygen-
containing gases possibly present in the argon, the argon was 
passed through a bed of drierite, then phosphorus pentoxide 
and, finally, heated magnesium turnings. The turnings were 
contained in the inconel preheat pipe and when heated in the 
argon atmosphere, became coated with carbon. Attempts to determine 
the source of the carbon were unsuccessful. A considerable 
amount of this carbon was carried over into the crucible 
containing the yttrium fluoride charge. This, of course, 
discolored the product. The OIR values for these runs were 
relatively high as indicated in Table 15 so the method was 
discontinued. 
a--Argon was supplied by Newkirk Sales Corp. with the following 
analysis: Argon, 99.99% ; i mpurities of nitrogen and hydrogen. · 
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Table 15 
Oxygen Intensity natios of Yttrium Fluoride Before a nd After 
Run No. 
l 
2 
AHF purity 
Sparging with Argon at l200° C for 1 Hour 
Oxygen Intensity Ratios 
=B-e~f~o-r-e-=sparging After Sparging 
0. 38 
0.38 
0.59 
0 .40 
The AHF obtained from MMM was compared with the regular 
production AHF also in the high temperature hydrofluorination 
unit. Four identical one and one-half hour runs were made at 1200°C, 
two with the Mf~1 AHF and two with the regular AHF. The starting 
fluoride had an OIR of 0.32. Any difference in acid purity 
should be indicated by the OIR values after hydrofluorination; 
however, as shown in Table 16, there was pra ctically none. 
Use of the same AHF in later experiments did indicate a 
difference in AHF purity. This led to an analysis of the 
acid, the results of which are shown in Table 11. 
The product from each of these runs consisted of a brown 
and a white portion. These portions were analyzed separately 
for oxygen and found to have nearly identic~l OIR values. 
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Table 16 
Oxygen Intensity Ratios of Yttrium Fluoride Produced by 
Rehydrofluorination of Yttrium Fluoride at 1200°C with 
Anhydrous Hydrofluoric Acid from Minnesota Mining 
and Manufacturing Company and from General 
Chemical Company 
Acid Used Product Color Oxygen Intensity 
1Y1inn. r.Uning & Mfg. Co. white 0.30 
brown 0.29 
General Chemica 1 Co. white 0.32 
brown 0.31 
General Chemical Co. white 0.29 
brown 0.27 
Minn. Mining & Mfg. Co. white 0.27 
brown 0.31 
Qualitative analyses for metallic impurities were also 
Ratios 
run; however, no noticeable differences could be detected. T.o 
insure against back diffusion of water from the neutralizing 
tank and possible elimination of the brovm color, a Kel-F-:-;filled 
vJater trap was employed on the exit side of the AHF unit. This 
/ ..... , 
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had no effect. The steel pipe from the AHF cylinder to the 
hydrofluorination unit was then replaced with polyethylene 
tubing. This became discolored with us~ indicating that the 
brown color was coming from the AHF . No further attempts were 
made to identify or remove the impurity. 
Vacuum Distillation Method 
Purpose 
Although vapor pressure data for YF3 ~ Y2o3 and YOF were 
not found in the literature~ it was thought that since the 
melting points of YF3 and Y2o3 we~e so widely separated . 
(approximately ll50°C and 24l0° C, respect1vely1 the differences 
in vapor pressures might be large enough to permit the preparation 
of a very low oxygen content fluoride by distillation. Vacuum 
distillation was chosen to avoid the use of extremely high 
temperatures. 
Variabms investigated 
The effects of time and temperature on the oxygen content 
of the distilled and undistilled yttrium fluoride were 
investigated. The vacuum was nearly constant, varying from 
approximately 0.3 to 0.8 micron of mercury. 
Tantalum, niobium and graphite were the materials used in 
fabricating the distillation pot and condenser. 
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Experimental results 
Six initial experiments were made using 25 to 35 gram 
samples of YF3 in one-inch-diameter crucibles. The temperature 
was varied between 1250°C and 1550°C and the time between 40 
and 120 minutes. Four runs were made using tantalum crucibles, 
one run using niobium and one run using graphite. Slight corrosion 
of both the tantalum and niobium crucibles was noted whereas 
the graphite was not apparently attacked. Also, the molten 
YF3 did not wet the graphite crucible as it did the tantalum 
and niobium crucibles. 
The OIR analyses of the "distilled" and 11undistilled" 
fractions of YF3 were inconclusiv~ since the values obtained 
were both within the range of error of the analytical method. 
Since a fairly low oxygen content fluorid~with an OIR of 0.3~ 
was used as the starting material, this also made it difficult 
to analyze the results. It appeared, however, that the 
"distilled 11 fluoride was slightly higher in OIR than the 
"undistilled" residue, which indicated that perhaps a more 
volatile oxygen compound was being removed from the charge. 
Since this was contrary to what was expected, considering that 
the more volatile compound was expected to be the lower melting 
yttrium fluoride, it was decided to scale up the operation and 
make further runs in order to better evaluate this method. 
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The diameter of the distillation pot was increased to 
3 1/2 inches~ and niobium and graphite pots with tantalum 
condensers were used. A total of five runs were made. Table 
17 gives the weight of the fluoride charge, distillation 
temperature and time, calculated overall rate of distillation, 
and OIR analyses of the "distilled" and "undistilled" 
fluoride fractions. 
Table 17 shows that the low OIR fluoride was the 
"distilled" material, and that the rate of production was 
quite low. 
Table 17 
Vacuum Distillation of YF3 
Run Wt. Charge Distillation Information OIR 
No. (grams) Temp. (oc) Time (hrs) Rate* "Distilled! "Undisti llecJ' 
1 1200 1275 2 0.0188 0.27 0.62 
2 1200 1275 7 ** 0.31 1.25 
3 1512 1440 4 0.0056 0.23-0.45 
1315 4 
1190 3 
4 2225*** 1320 4 0.0124 0.28-0.32 0.75 
5 1008 1320 3 0.0082 0.23-0.26 
* g m 8·./cm2 /min. 
** Leak in crucible 
*** Charge composed of undistilled residue from runs 1 and 3. 
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labeled A, B and C. The subscripts o, m, and v denote original 
fluoride, low OIR fluoride produced by molten fluoride hydro-
fluorination, and low OIR fluoride produced by vacuum distillation 
methods, respectively. 
From inspection of Figure l~, the ~ollowing conclusions were 
reached: 
... 
(1) The molten fluoride hydrofluorination treatment 
resulted in a lower OIR fluoride and lower oxygen content 
metal than was produced with the original fluoride. 
(2) Molten fluoride hydrofluorination would produce a 
fluoride yielding a lower oxygen content yttrium meta 1 than 
would be produced by vacuum dist~llation of yttrium fluoride. 
No positive explanation can be given for the lower OIR of 
t~e fluoride, and higher oxygen content of the yttrium 
metal, produced by vacuum distillation,as compared to the 
low OIR fluoride produced by the molten fluoride 
hydrofluorination method. Since all of the reductions in 
this series were normal, it was assumed that the OIR method 
of analysis did not respond in the same manner to the 
fluorides produced by these two methods. 
Although not a conclusion, the following interpretation of 
the data given in Figure l~ is presented. From inspection of the 
curve, which is an average curve using all points except point 
B , it will be noted that the extrapolation of this curve to 
v 
41 
0.0 OIR would result in yttrium metal with an oxygen content of 
approximately 1100 ppm. If only Am, Bm and Cm points are 
considered, an average straight line curve extrapolates to 
approximately 900 ppm oxygen in yttrium metal at 0.0 OIR. Although 
it is recognized that both extrapolations are carried too far to 
allow an accurate determination of the amount of residual oxygen 
in yttrium metal for 0.0 OIR fluoride, it does indicate that 
oxygen from other sources during the reduction step could 
possibly account for approximately 1000 ppm oxygen in yttrium 
metal. On this basis, fluoride with an OIR of 0.30 would yield 
metal containing approximately 1800 ppm oxygen, of which 
approximately 800 ppm could be ascribed to the fluoride and 
the remainder to oxygen from other sources in the reduction of 
the fluoride to yttrium metal. 
DISCUSSION AND CONCLUSIONS 
Since the OIR method of analysis for oxygen in yttrium 
fluoride gave poor reproducibility and did not result in an 
absolute value for oxygen content, it was difficult to place 
a high degree of confidence in the conclusions that were drawn 
from this series of investigations. Several methods were 
studied whereby yttrium fluoride with an OIR of 0.33 or less 
could be consistently produced. These were as follows: 
(1) Hydrofluorination of yttrium oxide 
Low OIR y t t rium f luoride has been prepared by hydrofluorination 
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of yttrium oxide in a platinum boat. Hydrofluorinations 
carried out in inconel boats resulted in much higher OIR 
values. It is believed that metallic impurities from the 
inconel were affecting the OIR analysis of the yttrium 
fluoride. 
The minimum hydrofluorination time and temperature 
required to obtain a low OIR yttrium fluoride were determined 
by hydrofluorination of yttrium oxides in an inconel boat. 
These were found to be eight hours and 600°C, respectively. 
Hydrofluorination of a 2:1 weight ratio blend of yttr1.um oxide 
to yttrium fluoride at 600°C indicated a more rapid conversion 
of the oxide to the fluoride and possibly slightly lower OIR 
fluoride than hydrofluorination of the oxide, at the same 
temperature. 
TQe yttrium oxide particle size was also noted to have a 
considerable effect on the OIR of the yttrium fluoride. The 
use of extremely small particle sizes gave a very low OIR fluoride. 
Although not a conclusion, due to insufficient data, it 
appears that the initial rate of heating during the hydro-
fluorination of the oxide has an effect on the OIR of the 
fluoride. Rapid heating seems to result in higher OIR yttrium 
fluoride than when slow heating is employed. 
(2) Hydrofluorination of yttrium trifluoride hydrate 
Hydrofluorination of hydrated yttrium fluoride to remove 
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the water of hydration also resulted in a low OIR yttrium 
fluoride. However, due to difficult processing conditions 
encountered in the preparation of the hydrated yttrium 
fluoride, this method would probably be limited to the 
preparation of relatively small amounts of low OIR yttrium 
fluoride. 
(3) Hydrofluorination of molten yttrium fluoride 
This is a purification method starting with a relatively 
pure yttrium fluoride. It results in a quite low OIR yttrium 
fluoride, but the high temperature required (1200°C) : and the 
difficult problem of materials of construction would limit 
this method to the preparation of rather small amounts of low 
OIR yttrium fluoride. 
(4) Vacuum distillation of yttrium fluoride 
This, also~ is an yttrium fluoride purification method 
which would be applicable to the preparation of very small 
amounts of low OIR yttrium fluoride. The two disadvantages of 
this method are the high temperature required (1300°C) and 
the very slow distillation rate. The molten fluoride hydro-
fluorination method produces an equally low OIR yttrium fluoride 
in a much shorter time and would be the preferred yttrium 
fluoride purification method. 
APPENDIX 
Analysis of Data 
The absence of a good quantitative analytical method for 
the determination of oxygen in yttrium fluoride has been the 
greatest problem in the evaluation of the experimental data. 
Intensity ratios determined by spectrographic analysis and 
performed by the Spectrochemistry Group have been the only 
indication of purity. 
In the spectrographic method of analysis for oxygen, 
yttrium fluoride samples are arced in an argon atmosphere and 
a ratio of the intensity of the oxygen line to that of an 
argon reference line is determined . This ratio can then be 
used as an indication of the relative amounts of oxygen in 
different samples. Throughout this report the ratios reported 
0 
are of the intensity of the oxygen line at 7771 A to the 
0 
intensity of the argon line at 7891 A. 
As yet, this analytical method has not been perfected. 
From a large number of determinations made on the same sample 
by the Spectrochemisbzy Group, it was found that 95 percent of 
the results can be reproduced within ~20 percent of the average 
value and 66 percent of the results within ~10 percent. This 
degree of accuracy in duplicating analyses makes it quite 
difficult to formulate sound conclusions. 
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The only available means of obtaining an absolute value 
for oxygen content was to reduce the fluoride to the metal. 
This made it impossible to differentiate between the oxygen 
contribution from the reduction step and that present in the 
fluoride. However, reductions of several low oxygen content 
fluorides to yttrium metal, using calcium, were made in ,order 
to qualitatively determine the correlation between oxygen 
intensity ratio of the yttrium fluoride and oxygen content of 
yttrium metal. 
The analytical method used for the determination of 
oxygen in yttrium metal was a spectrographic method nearly 
identical to the one developed fot titanium by the Spectrochemistry 
Group at the Ames ~boratory. A detailed description of the 
method for determining oxygen in titanium can be found in 
ISC Report No. 862. (5) 
The spectrographic method for the determination of oxygen 
in yttrium is still under deve lopment, but duplicate samples 
analyzed for oxygen by the vacuum fusion and the spectrographic 
methods indicate that both are comparable with reference to 
absolute oxygen content . Although the accuracy of t he absolute 
oxygen content is not known, a comparison of the differences in 
oxygen contents should be quite valid. 
It was reported by the Spectrochemistry Group that the 
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variation in oxygen content was approximately ~10 percent of 
the average oxygen value for 95 percent of the total analyses 
made on a given metal sample. 
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